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Abstract 10 
In the present study, a cost-affordable electrorefining process of zirconium (Zr) using an 11 
oxycarbide anode, which has been developed for titanium (Ti) smelting, was applied to Zr production. 12 
First, the synthesis of Zr oxycarbide by carbothermic reduction of ZrO2 was investigated, and a dense 13 
and conductive ZrC0.5O0.5 anode was successfully produced followed by sintering. The reduction 14 
steps of Zr ions in a chloride electrolyte were then electrochemically analyzed; the Zr (IV) ion was 15 
electrochemically reduced to Zr metal through the formation of a low valence Zr (probably Zr (II)) 16 
ion. In contrast, Zr (IV) ion was stabilized by F- coordination in a chloride-fluoride electrolyte, and 17 
the reduction to Zr metal mainly occurred through a single step. The cathode reaction for 18 
electrorefining was checked, and Zr was obtained by galvanostatic electrolysis in a chloride-fluoride 19 
bath. The anode reaction using a ZrC0.5O0.5 anode was investigated, and the dissolution of Zr (IV) ion 20 
accompanied by CO evolution was observed. Electrorefining experiment showed that a series of 21 
electrorefining, anodic dissolution to form Zr ions, transportation of Zr ions from the anode to cathode, 22 
and cathodic reduction to produce metallic Zr were appropriately coordinated. For achieving good 23 
results in the electrolysis, it is essential to introduce F- ions into the electrolyte and to apply high 24 
cathode-current-density (optimally over 1000 mA·cm-2). Through the present study, the feasibility of 25 
Zr production process based on electrorefining of Zr oxycarbide synthesized by the carbothermic 26 
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reduction of ZrO2 was demonstrated in principle. 27 
 28 
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1. Introduction 31 
Zirconium (Zr) metal is used as zircalloy for nuclear reactor materials such as fuel cladding 32 
tubes and channel boxes because its absorption cross-section for thermal neutrons is small [1]. More 33 
than 90% of the demand for Zr metal is for nuclear applications. On the other hand, the expansion of 34 
demand for non-nuclear applications such as biomaterials is expected because Zr has excellent 35 
biocompatibility and low magnetic susceptibility [2-4]. 36 
Zr metal is produced by the Kroll process, which is also used for titanium (Ti) metal 37 
production [3]. The flow diagram of Zr metal production is shown in Fig. 1. Zircon (ZrSiO4), the Zr 38 
raw material, is carbo-chlorinated into crude ZrCl4 containing HfCl4. For nuclear use, HfCl4 is 39 
removed by solvent extraction or other means, and high-purity ZrCl4 is produced. ZrCl4 is then 40 
reduced by molten magnesium (Mg) to a Zr sponge. Excess Mg and the by-product MgCl2 are 41 
removed by vacuum distillation. The separated Zr sponge is crushed and melted into an ingot. The 42 
Kroll process can produce high-quality Zr metal, but the production cost is high due to batch 43 
processing, low productivity, and complicated steps. For the expansion of Zr market, the production 44 
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 48 
Fig. 1  Conventional production process of Zr metal based on the Kroll process. 49 
 50 
Immediately following the industrial establishment of Zr production by the Kroll process, 51 
electrolytic production processes as alternative methods were developed, and related research has 52 
been actively conducted. Recently, electrolytic processes for the recycling of used zircalloy products 53 
have also been studied. The previous studies are summarized in Table 1 [4-23]. Most of the studies 54 
are based on electrowinning and electrorefining as applied to recycling. Electrochemical reduction 55 
and deoxidation of ZrO2 have also been investigated [19]. For the electrolyte, a molten chloride bath 56 
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Table 1  Studies on electrochemical analysis and electrolytic production of Zr. 60 
Author Year Purpose Electrolyte Reduction steps Ref. No.
Steinberg 1954 Electro-winning NaClK2ZrF6 Not provided 6 
Raynes 1955 Electro-winning NaClKClK2ZrF6 Not provided 7 
Kirihara 1955 Electro-winning NaClKClZrCl4 Not provided 8 
Kirihara 1957 Electro-winning NaClKClZrCl4 Not provided 9 
Inman 1960 Electrochemical analysis 
(potential) 
LiClKClZrCl4 Zr4+→Zr2+ → Zr 10 
Baboain 1965 Electrochemical analysis 
(potential) 
LiClKClZrCl4 Zr4+→Zr2+ → Zr 11 
Sakakura 1966 Electrochemical analysis 
(diffusion) 
NaClKClZrCl4 Not provided 12 
Swaroop 1966 Electrochemical analysis 
(potential) 
NaClKClZrCl4 Zr4+ → Zr3+ →Zr2+ → 
Zr 
13 
Sakakura 1970 Electrochemical analysis 
(potential) 
NaClKClZrCl4 Unclear 14 




Zr4+→Zr2+ → Zr 15 




Zr4+→Zr2+ → Zr 
Zr4+→ Zr 
16 
Basile 1984 Spectroscopy for chemical state CsClZrCl4 
LiClKClZrCl4 
NaClKClZrCl4 
Not provided 17 
Kipourous 1985 Electro-refining CsClZrCl4 
LiFNaFKFZrCl4 
Not provided 18 
Guang-Sen 1990 Electrochemical analysis 
(potential) 
LiClKClKFZrCl4 Zr4+→Zr2+ → Zr 19 
Sakamura 2004 Electrochemical analysis 
(potential) 
LiClKClZrCl4 Zr4+→ZrCl → Zr 20 
Abdelkader 2007 FFC (electrochemical 
deoxidation) 
CaCl2CaO Not provided 21 
Chen 2008 Electrochemical analysis 
(potential) 
LiClKClK2ZrF6 Zr4+→Zr2+ → Zr 22 
Lee 2012 Recycling, Electro-refining LiClKClZrCl4 Zr4+→ZrCl → Zr 
Zr4+→Zr2+ → Zr 
23 
Park 2013 Recycling, Electro-refining LiFKFZrF4 Zr4+→ Zr 24 
Park 2014 Electrochemical analysis 
(potential) 
LiClKClZrCl4 Zr4+→ZrCl → Zr 
Zr4+→Zr2+ → Zr 
25 
 61 
Currently, the electrorefining of Ti oxycarbide is garnering much attention for Ti metal 62 
production [24-29]. One of the authors has developed a new Ti production process based on 63 
electrorefining of Ti oxycarbide, termed as USTB process [27]. This process can produce Ti at low 64 
cost because of its semi-continuous nature, high productivity, and simple steps. In the present study, 65 
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this electrorefining process was applied to Zr metal production. The flowchart for this process is 66 
shown in Fig. 2. From zircon, ZrO2 is extracted by pyro- or hydro-metallurgy. Zr oxycarbide is 67 
produced by the carbothermic reduction of ZrO2. By using Zr oxycarbide as an anode, Zr metal is 68 
produced by electrorefining. The smelting process using Zr oxycarbide, which uses an inexpensive 69 
reductant carbon in the middle stage, has not ever been investigated. The purposes of the present 70 
study are to investigate Zr oxycarbide synthesis, electrochemically analyze the Zr ions in the molten 71 
salt, and electrolytically refine Zr oxycarbide. 72 
 73 
 74 
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2. Principle 78 
The major chemical reaction for Zr oxycarbide synthesis is  79 
ZrO2 + 2C = ZrC0.5O0.5 + 1.5CO       (1) 80 
In a previous study, Jiao and Zhu reported that Ti oxycarbide synthesis from TiO2 by carbothermic 81 
reduction required heating to 1673 K at atmospheric pressure, or 1273 K under vacuum [27]. Berger 82 
and Gruner mentioned that the carbothermic reduction of TiO2 and ZrO2 required heating up to 1573 83 
K and 1773 K, respectively [30]. They also pointed out that TiO is a stable phase, whereas ZrO is 84 
meta-stable. According to equation (1), by removing CO gas from the reaction system, the 85 
equilibrium shifts toward the products, and the reaction is promoted. Therefore, the synthesis was 86 
conducted under vacuum in the present study. The actual composition of the oxycarbide is calculated 87 
based on the following equation: 88 
ZrO2 + (2+xy)C = ZrCxOy + (2y)CO      (1)’ 89 
Coefficients x and y in the composition formula are calculated from the sample weight loss due to CO 90 
evolution. 91 
The major electrochemical reactions in electrorefining are: 92 
Anode: ZrC0.5O0.5 = Zrn+ + 0.5 CO + ne      (2) 93 
Cathode: Zrn+ + ne = Zr        (3) 94 
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The Zr ions in the molten salt are either divalent or tetravalent. The average valence of the Zr (n) ions 95 
dissolved in the anode depends on the composition of the electrolyte. For the anodic dissolution of Ti 96 
oxycarbide in molten NaClKCl, Jiao and Zhu reported that divalent Ti ions (Ti2+) were formed [27]. 97 
In general, by adding fluoride ions (F-) in a chloride electrolyte, the higher valence ions become 98 
relatively stable due to preferred F- coordination; this tendency has been reported in the Ti system 99 
[31]. Therefore, a change in the stability of Zr ions was expected by adding F- to molten chloride 100 
from the analogy of Ti system.  101 
 102 
3. Experimental 103 
3.1 Synthesis of Zr oxycarbide 104 
The raw materials used in this study are summarized in Table 2, and the experimental conditions 105 
are shown in Table 3. ZrO2 and graphite powders (1:2 molar ratio) were mixed by ball milling, and 106 
the mixed powder was pressed into a pellet (5 mm, 2 mm height) with a hand press. The pellets were 107 
set in a graphite crucible (50 mm outer diameter, 47 mm depth) and heated to 1773 K by an electrical 108 
resistance (SiC) furnace under vacuum (10 Pa) for 4 h. The pellet phases were analyzed by X-ray 109 
diffraction (XRD; Ultima IV, Rigaku Co.), and the composition was calculated by gravimetry. After 110 
reduction, the pellets were pulverized by ball milling and again pressed into a pellet (10 mm, 2 mm 111 
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height) with a hand press and cold isostatic press. For sintering, the pellets were placed in a graphite 112 
crucible (17 mm outer diameter, 45 mm depth) and heated to 1973 K by a high-frequency induction 113 
heating furnace under Ar for 1 h. 114 
 115 
Table 2  The raw materials used in this study. 116 
Material Form Purity (%) Supplier 
ZrO2 Powder 99.0 Kanto Chemical Co., Inc. 
Graphite Powder 99.9 Kojundo Chemical Lab. Co., Ltd. 
LiCl Powder 99.0 Wako Pure Chemical Industries, Ltd. 
NaCl Powder 99.5 Wako Pure Chemical Industries, Ltd. 
KCl Powder 99.5 Wako Pure Chemical Industries, Ltd. 
NaF Powder 99.0 Wako Pure Chemical Industries, Ltd. 
KF Powder 99.0 Wako Pure Chemical Industries, Ltd. 
ZrCl4 Powder 95.0 Wako Pure Chemical Industries, Ltd. 
K2ZrF6 Powder 97.0 Wako Pure Chemical Industries, Ltd. 
Zr Sponge 99.0 Mitsuwa Chemicals Co., Ltd. 
 117 




Mass of pellet 
before exp., 
w0 / g 
 Results 
Mass of pellet 
after exp., 
w / g 
Mass change, 
w / g 
Composition of ZrCxOy 
x y 
1 0.9563  0.7918 -0.1645 0.452 0.548 
2 0.8264  0.6691 -0.1576 0.500 0.500 
3 0.7245  0.6038 -0.1207 0.438 0.562 
4 0.5770  0.4902 -0.0868 0.395 0.605 
5 0.4895  0.3977 -0.0918 0.493 0.507 
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3.2 Electrochemical analysis of the Zr ions in the molten salt 121 
The chemicals used for electrolyte preparation are summarized in Table 2. NaCl and KCl 122 
preliminarily dried under Ar were mixed to obtain a eutectic mixture of NaCl–50 mol% KCl [32], 123 
and melted at 973 K under HCl gas flow in a quartz container. Any moisture or oxygen in the molten 124 
salt was removed by the HCl gas, with the excess HCl dissolved in the molten salt being subsequently 125 
removed upon the introduction of Ar prior to solidification under vacuum. LiCl–41 mol% KCl 126 
(eutectic [32]) was also prepared in a similar manner. ZrCl4, which has high vapor pressure 127 
(sublimation point: 609 K [33]), was mixed with KCl to obtain a eutectic mixture of ZrCl4–42 mol% 128 
KCl (eutectic point: 493 K [34]), and melted at 600 K under Ar. The ZrCl2 containing salt was 129 
synthesized by reacting ZrCl4 with Zr metal in molten LiCl–KCl. NaF, KF, and K2ZrF6 were dried at 130 
473 K for 6 h under Ar. From the pre-treated chemicals, the following electrolytes were prepared: (a) 131 
NaCl–KCl–0.5 mol% ZrCl4, (b) NaCl–KCl–0.3 mol% K2ZrF6, and (c) NaCl–KCl–NaF–KF–0.2 132 
mol% ZrCl4. 133 
The electrochemical measurements for the Zr ions in the molten salts were performed with 134 
a three-electrode system using the experimental apparatus shown in Fig. 3. In this arrangement, a 135 
glassy carbon rod (2 mm) or W wire (2 mm) was used as the working electrode, with Ag/AgCl 136 
contained in a mulite tube (6 mm outer diameter, 4 mm inner diameter) and a graphite rod (6 mm) 137 
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functioning as the reference and counter electrodes, respectively. A prepared salt was placed in a 138 
graphite crucible (50 mm outer diameter, 47 mm depth) and heated to 1073 K and 873 K under Ar 139 
(99.999% purity) in NaCl–KCl and LiCl–KCl, respectively. After melting the electrolyte, cyclic 140 
voltammetry (CV) and square wave voltammetry (SWV) were carried out using a 141 
potentio/galvanostat (HZ-7000, Hokuto Denko Co.). 142 
 143 
 144 
Fig. 3 Schematic of the experimental apparatus used for electrochemical measurements and 145 
electrorefining. 146 
 147 
3.3 Electrorefining of Zr oxycarbide 148 
Cathodic and anodic reactions were separately investigated by galvanostatic electrolysis and 149 
electrorefining was attempted. The detailed experimental conditions are summarized in Tables 4, 5, 150 
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and 6. Electrolytes were prepared in the same manner as described in section 3.2. Experimental 151 
temperatures were 1073 K and 873 K for NaCl–KCl and LiCl–KCl, respectively. For the cathode 152 
reaction investigation (Exp. A-1 to A-7), Fe rod (3 mm, 99.5% purity), Fe plate (2525 mm, 99.5% 153 
purity), and Ni rod (3 mm, 99% purity) were used as cathodes. A Zr rod (3 mm, 99.2% purity) was 154 
used as the anode. For the anode reaction investigation (Exp. B-1 to B-2), Zr rods and ZrCxOy sintered 155 
pellets were used as anodes. An Fe rod was used as the cathode. For electrorefining (Exp. C-1 to C-156 
4), both Fe and Ti rods (2 mm, 99.5% purity) were used as cathodes, and a ZrCxOy sintered pellet 157 
was used as the anode. The typical immersion depths of cathode and anode were approximately 5 158 
mm. 159 
During electrolysis, the CO concentration in the exhaust was measured with a CO meter 160 
(Type 627, B&K Precision Co.). CO generation was also verified with a gas chromatograph (GC-161 
2014TCD, Shimadzu Co.). After the experiment, the deposits on the cathode were recovered, and 162 
their morphology and composition were analyzed using a field-emission scanning electron 163 
microscope (FE-SEM, XL-30FEG, Philips Co.) equipped with an energy dispersive X-ray 164 
spectroscopy (EDS) analyzer (APOLLO XL, AMETEK Co., Ltd.). For the anode reaction 165 
investigation, Zr dissolution into the electrolyte was determined by an inductively coupled plasma-166 
atomic emission spectrometer (ICP-AES, ICPS-8100, Shimadzu Co.) 167 
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 168 
  169 
Table 5  Experimental conditions for investigation on the anode reaction. b 170 
Exp. 
No 
Electrolyte A.C.D. a, 
ia / mA·cm-2 
Time, 
t / s 
Temp., 
T / K 
Anode 
material 
B-1 NaClKClNaF 500 2000 1073 Zr rod 
B-2 NaClKClNaF 250 2000 1073 ZrC0.5O0.5 
a: A.C.D. denotes “anode current density”. 171 




4. Results and discussion 176 
4.1 Synthesis of Zr oxycarbide 177 
The XRD patterns of the pellets before and after carbothermic reduction are shown in Fig. 178 
4. Both ZrO2 and graphite disappeared, and Zr oxycarbide was successfully formed. The Zr 179 
oxycarbide was assigned based on Askarova’s report [35]. When ball milling was not employed for 180 
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mixing, Zr oxycarbide did not form. Therefore, pulverization and sufficient mixing of the raw 181 
material powders are important. The specific composition of Zr oxycarbide as calculated from the 182 
sample weight loss is shown in Table 3. Based on the average of five samples, the coefficients x and 183 
y in the composition formula ZrCxOy were 0.456 and 0.544, respectively. Thus, the formation of Zr 184 
oxycarbide was confirmed.  185 
After the sintering of Zr oxycarbide, a dense chip was obtained. The chip had enough 186 
hardness for use as an anode material and had a shiny surface. A simple resistance test revealed that 187 
the electric resistance of the chip was decreased from 50 to 5  upon sintering. The sintered chips 188 
were subjected to electrorefining. 189 
 190 
Fig. 4 XRD patterns of (a) ZrO2 and C mixed pellet and (b) the pellet after carbothermic reduction 191 
at 1773 K for 4 h under vacuum. x and y in ZrCxOy are determined 0.456 and 0.544 by 192 
gravimetry, respectively (see Table 3). 193 
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 194 
4.2 Electrochemical analysis of the Zr ions in the molten salt 195 
The cyclic voltammogram (CV) of NaClKCl0.5 mol% ZrCl4 at 1073 K is shown in Fig. 196 
5, along with a background voltammogram of NaCl-KCl without ZrCl4. On adding ZrCl4 to NaCl-197 
KCl, three reduction current peaks were observed. This indicates that the Zr (IV) ion was reduced to 198 
Zr metal through the formation of a low valence Zr ion. The entity of Zr (II) ion could not be 199 
electrochemically proved because it was difficult to separate reduction peaks in CV, but the stable 200 
low valence Zr ion was estimated Zr (II) from the comprehensive consideration of literatures [8, 9, 201 
13, 14, 17, 20]. The electrode reactions were assigned as follows: 202 
Peak a: Zr4+ + 2e = Zr2+        (4) 203 
Peak b: Zr4+ + 4e = Zr        (5) 204 
Peak c: Zr2+ + 2e = Zr        (6) 205 
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 211 
Fig. 5 CV of NaCl-KCl-0.5 mol% ZrCl4 at 1073 K. Sweep rate: 200 mV·s-1. Background current 212 
is also shown. 213 
 214 
Because the low valence ion often decreases the current efficiency in electrolysis through a 215 
disproportionation reaction, a Zr fluoride (K2ZrF6) was added to the NaCl-KCl mixture to inhibit the 216 
formation of low valence ion. The CV of NaClKCl0.3 mol% K2ZrF6 at 1073 K is shown in Fig. 6, 217 
where only one reduction current was observed. This indicates that Zr (IV) was mainly reduced to Zr 218 
metal through a single-step reaction. That is, Zr (IV) ion was the most stable Zr ion in the chloride-219 
fluoride system. The SWV of NaCl-KCl-0.3 mol% K2ZrF6 at 1073 K is shown in Fig. 7. A fitting 220 
curve (Gauss function) for the reduction peak is also shown in the figure. From the width of the peak 221 
at half height, W1/2, the number of electrons involved in the reaction was calculated to be 4.0 [36]. 222 
This confirmed that Zr (IV) was directly reduced to Zr metal in the chloride-fluoride bath. This result 223 
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agreed with the report by Polyakova [14]. 224 
 225 
Fig. 6 CV of NaCl-KCl-0.3 mol% K2ZrF6 at 1073 K. Sweep rate: 200 mV·s-1. Background current 226 
is also shown. 227 
 228 
 229 
Fig. 7 SWV of NaCl-KCl-0.3 mol% K2ZrF6 at 1073 K. 230 
 231 
The NaF-KF eutectic salt was added to the NaCl-KCl-ZrCl4 melt to investigate the degree 232 
of Zr (IV) ion stabilization by F- coordination. The CV of NaCl-KCl-NaF-KF-0.2 mol% ZrCl4 at 233 
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1073 K is shown in Fig. 8, where the mole ratio of F- to Zr4+ (R = XF-/XZr4+) was 6. Upon introducing 234 
F- into the molten chloride, the voltammogram was significantly changed. When R was larger than 6 235 
(e.g. 10 and 18), the shape of the voltammogram did not change. This suggests that an R value of 6 236 
provides enough fluoride for Zr (IV) ion stabilization by F- coordination. The Zr (IV) ion would exist 237 
as the complex [ZrF6]2-. The SWV of NaCl-KCl-NaF-KF-0.2 mol% ZrCl4 at 1073 K is shown in Fig. 238 
9. A fitting curve (Gauss function) for the reduction peak is also shown in the figure. From W1/2, the 239 
number of electrons involved in the reaction was calculated to be 4.5. It was re-confirmed that 240 
reduction of Zr (IV) ion to Zr metal was simplified to a one-step reaction.  241 
 242 
 243 
Fig. 8 CV of NaCl-KCl-NaF-KF-0.2 mol% ZrCl4 at 1073 K. CV in the electrolyte without NaF-KF 244 
is also shown. 245 
 246 
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 247 
Fig. 9 SWV of NaCl-KCl-NaF-KF-0.2 mol% ZrCl4 at 1073 K. Ionic mole ratio F-/Zr4+ = 18. 248 
 249 
4.3 Electrorefining of Zr oxycarbide 250 
The experimental results for the cathode reaction investigation by galvanostatic electrolysis 251 
using a Zr metal anode are summarized in Table 4. Zr deposits were not obtained from chloride 252 
electrolytes (Exp. A-1 and A-2). This may be because the fine powdery deposit detached from the 253 
cathode or the deposits were re-oxidized by the following disproportionation reaction: 254 
Zr + Zr4+ = 2 Zr2+        (7) 255 
Therefore, Zr fluoride was added to the NaCl-KCl mixture to inhibit the disproportionation reaction. 256 
From the mixed chloride-fluoride electrolytes (Exp. A-3 to A-7), a Zr deposit was obtained. The 257 
cross-sectional SEM images of the cathodes after galvanostatic electrolysis are shown in Fig. 10. The 258 
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composition of center of deposit was measured by EDX point analysis. The spot size was 259 
approximately 2 to 3 m. At a low cathode current density (C.C.D.) of 100 mA·cm-2 (Exp. A-3), the 260 
Zr deposit consisted of fine particles, and only a small amount was observed. This may be because a 261 
trace amount of the low valence Zr ion causes a disproportionation reaction. At higher C.C.D. of 500 262 
to 3000 mA·cm-2 (Exp. A-4 to A-6), uniform Zr film deposits were obtained. The compositions of 263 
the deposits were scattered, but the deposition of Zr metal was confirmed. In previous studies [18, 264 
21], the formation of ZrCl was reported, even though ZrCl was not observed in the present study. 265 
Even at low K2ZrF6 concentrations in the electrolyte (Exp. A-7), electrolysis was continued. This 266 
implies that the transportation of Zr ions in the electrolyte is fast enough for Zr electrorefining. 267 
  268 
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 269 
Fig. 10 Cross-sectional SEM image of the cathode after galvanostatic electrolysis using a Zr anode 270 
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For anode reaction investigation, Zr metal was dissolved by galvanostatic electrolysis at an 274 
anode current density (A.C.D.) of 500 mA·cm-2 in NaCl-KCl-NaF (Exp. B-1, shown in Table 5), and 275 
the ionic species were successively analyzed by CV. The CV was consistent with that shown in Fig. 276 
8, which indicates that the dissolved Zr ion was tetravalent. In the same manner, the Zr oxycarbide 277 
synthesized was anodically dissolved by galvanostatic electrolysis at an A.C.D. of 250 mA·cm-2 in 278 
NaCl-KCl-NaF (Exp. B-2, shown in Table 5). CO gas of significant concentration was detected in the 279 
exhaust during electrolysis, as shown in Fig. 11. The CV obtained immediately after electrolysis is 280 
shown in Fig. 12. A single reduction peak (from Zr (IV) ion to metal) was observed that indicates that 281 
the dissolved Zr ions were tetravalent. Significant concentration of Zr ion in the electrolyte (0.06 282 
mass%) recovered after the experiment was measured by ICP-AES analysis. The anode reaction was 283 
then assigned as follows:  284 
Anode: ZrC0.5O0.5 = Zr4+ + 0.5 CO + 4e      (2)’ 285 
  286 
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 287 
Fig. 11 CO concentration in the exhaust during galvanostatic electrolysis using a ZrCxOy anode at 288 
500 mA·cm-2 (anode current density) at 1073 K. 289 
 290 
 291 
Fig. 12 CV of the species formed by anodic dissolution of ZrCxOy in NaCl-KCl-NaF at 1073 K. 292 
Sweep rate: 200 mV·s-1. CV before anodic dissolution is also shown. 293 
 294 
Based on the above investigations, electrorefining by galvanostatic electrolysis in NaCl-295 
K2ZrF6 using Zr oxycarbide was performed. The experimental results are summarized in Table 6. The 296 
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electrolysis was smoothly continued at a virtually constant potential, and a film deposit of Zr metal 297 
was obtained after electrolysis (see Fig. 13. Exp. C-2 in Table 6). The compositions of the deposits 298 
were scattered, but the deposition of Zr metal was confirmed. Therefore, it was confirmed that a series 299 
of electrorefining—anodic dissolution to form Zr ions, transportation of Zr ions from the anode to 300 
cathode, and cathodic reduction to produce Zr metal—were appropriately coordinated. 301 
 302 
 303 
Fig. 13 Cross-sectional SEM image of the cathode after galvanostatic electrolysis using a ZrCxOy 304 
anode at 1500 mA·cm-2 (cathode current density) in NaCl-KCl-10 mol% K2ZrF6 at 1073 K 305 
(Exp. C-2 in Table 6). 306 
 307 
From the abovementioned results, the feasibility of Zr production based on electro-refining 308 
of Zr oxycarbide synthesized by carbothermic reduction of ZrO2 was demonstrated in principle. It is 309 
considered that the present method may be useful for producing low-cost Zr metal by developing an 310 
efficient process for synthesizing ZrO2 from Zr ores (zircon). 311 
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 312 
5. Conclusions 313 
The synthesis of Zr oxycarbide was investigated and a dense and conductive ZrC0.5O0.5 anode 314 
was produced by the carbothermic reduction of ZrO2 followed by sintering. The electrochemical 315 
behavior of the Zr ions in a chloride electrolyte was analyzed by CV and SWV. Zr (IV) ions were 316 
electrochemically reduced to Zr metal through the formation of low valence Zr ions in the chloride 317 
electrolyte. In contrast, the Zr (IV) ion was stabilized by F- coordination in a chloride-fluoride 318 
electrolyte, and was mainly reduced to Zr metal in a single step. The cathode reaction for 319 
electrorefining was investigated, and Zr metal was obtained by galvanostatic electrolysis in the 320 
chloride-fluoride bath. The anode reaction was investigated, and the dissolution of Zr (IV) ions with 321 
CO evolution was observed using a ZrC0.5O0.5 anode. Electrorefining was used to confirm that a series 322 
of electro-refining process, anodic dissolution to form Zr ions, transportation of Zr ions from the 323 
anode to cathode, and cathodic reduction to produce Zr metal were appropriately coordinated. The 324 
feasibility of the Zr production process based on electrorefining of Zr oxycarbide synthesized by 325 
carbothermic reduction of ZrO2 was thus demonstrated in principle. 326 
  327 
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